role as ROS scavengers in both in vivo and in vitro conditions (Cicek, Eryilmaz, Sarikaya, Gulerman, & Genc, 2012; Hossein et al., 2007) . Its addition to culture media prevents oxidative damage of oocytes and embryos and improved blastocyst production (Kere, Siriboon, Lo, Nguyen, & Ju, 2013) . However, the AC is highly instable in aqueous solutions, sensitive to heat, alkali, oxygen and light (Müller, 2001) .
Previous studies demonstrated an improved stability of AC to high temperature, light, humidity, and oxidation through encapsulation with methyl-β-cyclodextrin (CD) (Garnero & Longhi, 2007; Hu, Lin, et al., 2012) , a group of cyclic oligosaccharides which are characterized by the ability to form inclusion complexes with a variety of chemical species. Furthermore, CD has been previously used for increasing the bioavailability and stability of antioxidant activity in pharmaceutical and food industries containing resveratrol (DavidovPardo & McClements, 2014) and AC (Navarro et al., 2011) . Thus, considering the rapid degradation of AC, the use of the complex of AC with CD in in vitro embryo production might help to improve the quality and embryo developmental rates. Therefore, the aim of the present study was to evaluate the effect of AC-CD complex supplementation during in vitro maturation (IVM) on the quality of bovine oocyte and subsequent embryo development and the effect of AC-CD supplementation during in vitro culture (IVC) on embryo development and quality.
| MATERIAL S AND ME THODS
Unless otherwise stated, all chemicals and media were purchased from Sigma Chemical Co. Ethical approval was not required as the experiments were in vitro-performed.
| Recovery and IVM of cumulusoocyte complexes
Immature cumulus-oocyte complexes (COCs) were obtained by aspirating follicles (2-8 mm) from the ovaries of matured heifers and cows collected from a local abattoir. A total of 1,713 COCs were selected and matured in four-well dishes (Nunc, Roskilde, Denmark) in 500 µl of TCM-199 medium, supplemented with 10% (v/v) foetal calf serum (FCS) and 10 ng/ml epidermal growth factor (EGF) in groups of 50 COCs per well for 24 hr at 38.5°C under an atmosphere of 5% CO 2 in air with maximum humidity (Lopera-Vasquez et al., 2016) .
| Nuclear oocyte staining
Matured COCs were gently vortexed for 2 min to remove cumulus cells, fixed and stained with Hoechst 33,342 as previously described (Coy et al., 2005) . Nuclear maturation was observed in an epifluorescence microscope 
| In vitro fertilization
After 24 hr of maturation, COCs were transferred in groups of 50 to four-well dishes each containing 250 µl of fertilization medium (FERT-TALP medium [Merck, Darmstadt, Germany] supplemented with 25 mM bicarbonate, 22 mM sodium lactate, 1 mM sodium pyruvate, 6 mg/ml fatty acid-free BSA and 10 µg/ml heparin).
Frozen straws from an Asturian Valley bull previously tested for In vitro fertilization (IVF) were thawed, separated on a density gradient BoviPure™ (Nidacon, Sweden) and resuspended in fertilization medium. Then, 250 µl of this suspension was added to each fertilization well to obtain a final concentration of 1 × 10 6 spermatozoa/ml.
Gametes were coincubated for 18 hr at 38.5°C under an atmosphere of 5% CO 2 in air at maximum humidity.
| In vitro embryo culture
Presumptive zygotes were denuded and cultured in synthetic oviductal fluid (SOF; Holm, Booth, Schmidt, Greve, & Callesen, 1999) , supplemented with 3 mg/ml bovine serum albumin, in groups of 40-50 in 500 μl SOF under mineral oil and incubated under an atmosphere of 5% CO 2 and 5% O 2 in air at maximum humidity. volume of 40 µl, to prime the RT reaction and produce cDNA. Tubes were heated to 70°C for 5 min to denature the secondary RNA structure, and then, the RT mix was completed with the addition of 50 units of reverse transcriptase. Next, the tubes were incubated at 25°C for 10 min to promote the annealing of random primers, for 60 min at 37°C to allow the RT of RNA, and finally at 85°C for 5 min to denature the enzyme.
| RNA extraction, reverse transcription and realtime PCR (RT-qPCR)
All mRNA transcripts were quantified using quantitative polymerase chain reaction (RT-qPCR) and were run in the following con- Table S1 .
| Experimental design
Based on the literature (Jeong et al., 2006 ) and on range of physiological levels (normal human plasma ascorbate values are 30-150 µM) (Sies, Stahl, & Sundquist, 1992) , AC 100 µM was used to supplement IVM and ICV media. Ascorbic acid stock solution was dissolved with 7% methyl-β-cyclodextrin in acetone/water (1:1, v/v) as previously described (Ou, Chang, Huang, & Prior, 2013) . A group without AC-CD (control 
| Statistical analysis
The differences in the data relating to cleavage rate, blastocyst yield, nuclear maturation and relative mRNA abundance in fold increase of the genes in study followed a normal distribution and had homogeneous variances, thus, were compared using one-way analysis of variance; when the normality test failed, Duncan's test was conducted using the Sigma Stat software package (Jandel Scientific, San Rafael, CA). Differences in p < 0.05 were considered significant.
| RE SULTS

| Nuclear maturation
No differences were found between groups in all nuclear maturation parameters measured, obtaining MI rates for AC-CD, control − and control + of 31.3% ± 1.5%, 24.3% ± 4.8% and 32.6% ± 3.8%, respectively, and MII rates for AC-CD, control − and control + of 57.4% ± 3.3%, 71.4% ± 4.2% and 57.1% ± 4.3%, respectively (p > 0.05).
| Effect of AC-CD on gene expression levels in oocytes and cumulus cells
Oocytes with AC-CD had significantly lower expression of BAX and BMP15 compared to both control groups, while GPX1 expression in oocytes was downregulated in AC-CD compared to control + (p < 0.05, Figure 1 ). In cumulus cells from oocytes matured with AC-CD, we observed that BCL2 expression in AC-CD was significantly higher than that in the control + (p < 0.05). The levels of both, BAX/ F I G U R E 1 Relative mRNA transcription in bovine oocytes in vitro matured with AC-CD. Results are expressed as mean ± SEM. a,b Different superscript letters indicate significant differences (p < 0.05) between groups BCL2 ratio and GSTA4 expression, were significantly lower in AC-CD compared to control + (p < 0.05). AC-CD had no effect on SOD1 and TFAM expression when compared to control + (p > 0.05); however, both genes were significantly upregulated for control + regarding control − . Finally, CYP51A1 expression was significantly upregulated in AC-CD compared to both control groups (p < 0.05, Figure 2 ).
| Effect of AC-CD on developmental competence and gene expression levels during IVM
Neither cleavage rate nor blastocyst rates differ between AC-CD and both control groups as shown in Figure 3 ).
| Effect of AC-CD on developmental competence and gene expression levels during IVC
Differences were not found in terms of cleavage rates nor blastocyst yield between AC-CD and control groups, as shown in Table 2 (p > 0.05). The expression of CYP51A1 was significantly downregulated in AC-CD compared to control + (p < 0.05), while PNPLA2 expression was significantly upregulated in AC-CD compared to both controls, with control − being significantly downregulated also compared to control + (p < 0.05). Regarding IGF2R expression, a significant downregulation was observed in AC-CD compared to control − (p < 0.05, Figure 4 ).
| D ISCUSS I ON
This is the first report on the beneficial effect of the ascorbic acidcyclodextrin complex during IVM and IVC on the expression levels of genes related to apoptosis and lipid metabolism. We observed that AC-CD during IVM did not affect the percentage of MII oocytes, suggesting that this complex has no effect on the nuclear maturation a-c Different superscripts letters indicate significant differences (p < 0.05) between groups of bovine oocytes. These findings are in line with those reported by other groups (Dalvit et al., 2005; Kere et al., 2013) .
Moreover, we observed that AC-CD during IVM and IVC did not affect neither cleavage rate nor embryo development. In a previous study, it was reported that vitamin C at 284 µM enhanced the cytoplasmic maturation and subsequent development during IVM of porcine oocytes, whereas in IVC medium, it improved the blastocyst formation rate. However, a higher concentration of vitamin C (568 µM) to the culture medium increased the apoptotic index (Kere et al., 2013; Sovernigo et al., 2017) . Finally, it was demonstrated that using AC, at a concentration as low as 100 µM, increased the developmental competence (Jeong et al., 2006) . The same concentration during IVC produced lower ROS levels in both fresh and vitrified warm blastocysts (Castillo-Martín, Bonet, Morató, & Yeste, 2014) .
We postulate that due to the properties of methyl-β-cyclodextrin to encapsulate molecules (Del Valle, 2004) , the bioavailability and antioxidant stability of AC at 100 µM during IVM and IVC would be improved, as previously described using resveratrol with cyclodextrin (Torres et al., 2018) , leading to an increased effect compared with previous works using aqueous solutions. High bioavailability of AC may have negative effect on developmental competence, since higher concentrations have pro-oxidant action (Sakagami, Satoh, Hakeda, & Kumegawa, 2000) . Thus, a concentration lower than 100 µM of AC when used with methyl-β-cyclodextrin during IVM or IVC of bovine embryos could be more appropriate to obtain better results on blastocyst rates.
Moreover, a positive effect of AC-CD was observed concerning gene expression. Indeed, a downregulation in the pro-apoptotic gene BAX was observed in matured oocytes with AC-CD compared to both control groups and an upregulation in the anti-apoptotic gene BCL2 in cumulus cells treated with AC-CD. Hu, Cheng, et al. (2012) demonstrated that AC improved the quality of in vitro-produced porcine parthenotes, as assessed by reducing ROS generation, apoptosis and the expression of apoptotic-related genes. However, AC induced apoptotic cell death at higher concentrations (>200 µM), possibly via its pro-oxidant action (Sakagami et al., 2000) . At lower concentrations (100 µM), it has antioxidant properties, preventing both spontaneous and stress-induced apoptosis (Wang et al., 2002) .
Therefore, our result suggests that AC-CD in the IVM medium might have beneficial effects on oocytes viability through the anti-apoptotic effect of AC. Moreover, we observed that both GPX1 and GSTA4, involved in oxidative stress regulation, were downregulated in oocytes and cumulus cells matured with AC-CD. Similar results were found by Salhab et al (2011) where cumulus cells protected oocytes against oxidative stress-induced apoptosis, decreasing ROS levels in the medium, thus leading oocytes less exposed to ROS.
In addition, in a preliminary study we demonstrated that intracellular ROS levels in matured oocytes with AC-CD decreased significantly (0.68 ± 0.04 pixels/oocyte) compared to control
(1 ± 0.04 pixel/oocyte), while intracellular GSH levels increased in matured oocytes with AC-CD (1.3 ± 0.06 pixel/oocyte) compared to control (1 ± 0.06 pixel/oocyte) (p < 0.01) (Torres, 2017) . Recent reports also showed that addition of AC to IVM media improved the cytoplasmic maturation of oocytes and embryo development, exerting a strong antioxidant effect by decreasing the ROS content and increasing the GSH level in matured oocytes, which presumably allowed better ooplasmic maturation and subsequent embryo development (Kere et al., 2013; Sovernigo et al., 2017) . Moreover, GSH has been mainly related to antioxidative properties and protection against ROS activity improving oocyte quality (De Matos & Fumus, 2000; Luberda, 2005) .
Furthermore, we observed that CYP51A1 expression, involved in cholesterol synthesis, was increased in cumulus cells of oocytes matured with AC-CD compared to control groups. This is in agreement with lower expression levels of BMP15 found in oocytes exposed to AC-CD during maturation, which are probably dependent upon cumulus cells to provide them with cholesterol. The production of cholesterol by cumulus cells seems to be due to the expression of BMP15
and GDF9 stimulated by the oocyte (Su et al., 2008) . In addition, it is known that BMP15 serves to maintain low levels of cumulus cell apoptosis (Hussein, Froiland, Amato, Thompson, & Gilchrist, 2005) , which
indicates that AC-CD could be reducing its anti-apoptotic effect.
Likewise, we found that the expression of the glucose trans- Furthermore, we found that PNPLA2 expression in embryos cultured with AC-CD was higher compared with control groups. The upregulated expression of PNPLA2 is linked to a decrease in triglycerides accumulation in adipocytes (Lasa et al., 2012) , suggesting that AC-CD during IVC media could decrease the lipid accumulation in the embryo, which could increase cryotolerance and embryonic quality.
Finally, IGF2R, an imprinted gene that regulates foetal and placental development in cattle and other species, was downregulated in the embryos cultured with AC-CD compared to the control − . A high expression of IGF2R has been correlated with the incidence of the large offspring syndrome in sheep (Young et al., 2001) , and aberrant expression of imprinted and nonimprinted genes has been observed in foetuses, placentas and offspring derived from in vitro embryo production (Perecin et al., 2009) . It seems that AC-CD during IVC could decrease both the foetal overgrowth and imprinting disorders that may occur in bovine embryos derived from in vitro production.
However, to obtain a complete gene expression profile and to better understand the mechanisms for regulating transcription of AC-CD as a supplement to culture media, more studies are needed.
In conclusion, the addition of the complex AC-CD during IVM or IVC did not affect embryo production; however, AC-CD in the IVM medium has beneficial effects on oocytes and cumulus cells through anti-apoptotic effect of AC. Moreover, it has been proven that AC-CD may also reduce accumulated fat by suppressing lipogenesis and increasing lipolysis in bovine embryos when AC-CD is added to IVM or IVC. Thus, the supplementation of the complex AC-CD during both IVM and IVC has a positive effect on the expression levels of genes related to apoptosis and lipid metabolism, suggesting that AC-CD improves the quality of in vitro-produced embryos. 
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